Abstract. A short review on electromagnetic properties of neutrinos is presented. In spite of many efforts in the theoretical and experimental studies of neutrino electromagnetic properties, they still remain one of the main puzzles related to neutrinos.
Neutrino electromagnetic vertex function. The neutrino electromagnetic properties (see [1] for a recent review on this topic and the corresponding references on original papers) are determined by the neutrino electromagnetic vertex function Λ µ (q, l) that is related to the matrix element of the electromagnetic current between the neutrino initial state ψ(p) and final state ψ(p ′ ), < ψ(p ′ )|J EM µ |ψ(p) >=ū(p ′ )Λ µ (q, l)u(p), where q µ = p ′ µ − p µ , l µ = p ′ µ + p µ . Lorentz and electromagnetic gauge invariance imply [1] (see also [2, 3, 4] ) that the vertex function can be written in terms of four form factors,
where
, f E (q 2 ) and f A (q 2 ) are charge, dipole magnetic and electric, and anapole neutrino form factors. The matrix element of the electromagnetic current can be considered also between neutrino initial ψ i (p) and final ψ j (p ′ ) states with different masses, p 2 = m 2 i and p ′2 = m 2 j . The corresponding vertex function can be written in the form
where the form factors are matrices in the space of neutrino mass eigenstates [5] .
In the case of Dirac neutrinos, the assumption of CP invariance combined with the hermiticity of the electromagnetic current J EM µ implies that the electric dipole form factor vanishes. In the case of Majorana neutrinos, regardless of whether CP invariance is violated or not, the charge, dipole magnetic and electric form factors vanish [3, 6] , f Q = f M = f E = 0 (the anapole moment can be non-vanishing, see also [7] , as well as transition magnetic and electric moments). Since Dirac and Majorana neutrinos exhibit quite different electromagnetic properties, the investigation of neutrino electromagnetic interactions provides a tool for specifying the neutrino nature.
Neutrino electric form factor. It is usually believed that the neutrino electric charge is zero. This is often thought to be attributed to gauge invariance and anomaly cancellation constraints imposed in the Standard Model. In the Standard Model of SU (2) L × U (1) Y electroweak interactions it is possible to get [8] a general proof that neutrinos are electrically neutral which is based on the requirement of electric charges quantization. The direct calculations of the neutrino charge in the Standard Model for massless (see, for instance [9] and references therein) and massive neutrino [10] also prove that, at least at the one-loop level, the neutrino electric charge is gauge independent and vanishes. However, if the neutrino has a mass, the statement that a neutrino electric charge is zero is not so evident as it meets the eye. As a result, neutrinos may become electrically millicharged particles [8] .
The most severe experimental constraints on the electric charge of the neutrino, q ν ≤ 10 −21 e, are obtained assuming electric charge conservation in neutron beta decay n → p + e − + ν e , from the neutrality of matter (from the measurements of the total charge q p + q e ) [11] . A detailed discussion of different constraints on the neutrino electric charge can be found in [12] .
Even if the electric charge of a neutrino is vanishing, the electric form factor f Q (q 2 ) can still contain nontrivial information about neutrino static properties. A neutral particle can be characterized by a superposition of two charge distributions of opposite signs so that the particle's form factor f Q (q 2 ) can be non zero for q 2 = 0. The mean charge radius (in fact, it is the charged radius squared) of an electrically neutral neutrino is given by < r 2 ν > = −6
, which is determined by the second term in the expansion of the neutrino charge form factor
in series of powers of q 2 . Note that there is a long standing discussion (see [1] for details) in the literature on the possibility to obtain (calculate) for the neutrino charged radius a gauge independent and finite quantity. In the corresponding calculations, performed in the one-loop approximation including additional terms from the γ − Z boson mixing and the box diagrams involving W and Z bosons, the following gauge-invariant result for the neutrino charge radius have been obtained [13] : < r 2
, where m W and m l are the W boson and lepton masses (l = e, µ, τ ) 1 . Numerically, for the electron neutrino electroweak radius it yields < r 2 νe > = 4 × 10 −33 cm 2 . This theoretical result differs at most by one order of magnitude from the available experimental bounds on < r 2 ν i >. Therefore, one may expect that the experimental accuracy will soon reach the value needed to probe the neutrino effective charge radius.
Neutrino magnetic and electric moments. The neutrino dipole magnetic moment (along with the electric dipole moment) is the most well studied among neutrino electromagnetic properties. A Dirac neutrino may have non-zero diagonal electric moments in models where CP invariance is violated. For a Majorana neutrino the diagonal magnetic and electric moments are zero.
The explicit evaluation of the one-loop contributions to the Dirac neutrino dipole moments in the leading approximation over the small parameters b i = m 2 i /m 2 W (m i are the neutrino masses, i = 1, 2, 3), that however exactly accounts for a l = m 2 l /m 2 W , leads to the following result [15] :
where U li is the neutrino mixing matrix. From (3) in the limit a l ≪ 1, the diagonal magnetic moment of a Dirac neutrino is given by [5] 
On the other hand, the magnetic moment of a hypothetical heavy neutrino (m ℓ ≪ m W ≪ m ν ) is given by [10] Bounds on neutrino magnetic moments. Constraints on the neutrino magnetic moment have been obtained in laboratory ν − e scattering experiments from the observed lack of distortions of the recoil electron energy spectra. Upper bounds on the neutrino magnetic moment have been obtained in recent reactor experiments: µ ν ≤ 9.0 × 10 −11 µ B (MUNU collaboration [16] ), µ ν ≤ 7.4 × 10 −11 µ B (TEXONO collaboration [17] . The best world limit µ ν ≤ 3.2 × 10 −11 µ B has been recently obtained by the GEMMA collaboration [18] . A stringent limit has also been obtained in the Borexino solar neutrino scattering experiments: µ ν ≤ 5.4 × 10 −11 µ B [19] . Note that the magnetic and electric transition moments can contribute to the effective value of µ ν (see Section 3.6 of [1] ).
Neutrino electromagnetic interaction effects. If a neutrino has the non-trivial electromagnetic properties discussed above, a direct neutrino coupling to photons is possible and several processes important for applications exist [12] . A set of most important neutrino electromagnetic processes is: 1) neutrino radiative decay ν 1 → ν 2 + γ, neutrino Cherenkov radiation in an external environment (plasma and/or electromagnetic fields), spin light of neutrino, SLν , in the presence of a medium [20] ; 2) photon (plasmon) decay to a neutrino-antineutrino pair in plasma γ → νν; 3) neutrino scattering off electrons (or nuclei); 4) neutrino spin (spin-flavor) precession in a magnetic field (see [21] ) and resonant neutrino spin-flavour oscillations in matter [22] . The tightest astrophysical bound on neutrino magnetic moments, ( i,j | µ ij | 2 )
1/2 ≤ 3 × 10 −12 µ B , applicable to both Dirac and Majorana neutrinos, has been obtained from the observed lack of anomalous stellar cooling due to plasmon decay [12] .
